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The  computer  can  control  the  field  strength  accurately  only  if  accurate  sensor 
information  is  continuously  available.  One  type  of  sensor  that  fulfills  this  - 
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I.  INTRODUCTION 

A.  Background 

Conventional  field  measuring  is  divided  into  three 
categories.  The  technique  used  la  based  on  the  frequency  band  that  Is 
to  be  measured.  The  low  frequency  band  (below  30  MHz)  uses  standard 
loop  techniques.  The  medium  frequencies  (30  MHz  to  1 GHz)  utilizes 
standard  dipoles.  Standard  gain  horns  are  used  for  the  frequencies 
exceeding  1 GHz,  This  study  addresses  the  frequency  range  referred  to 
previously  as  medium  frequency  (30  MHz  to  1 GHz). 

The  use  of  computers  to  completely  control  the  electromagnetic 
environment,  l.e.,  frequency,  modulation,  and  field  strength,  makes  It 
highly  desirable  to  have  a probe  which  will  measure  field  strength 
accurately  and  not  require  mechanical  adjustments.  This  requirement 
makes  use  of  standard  dipoles  unsatisfactory  because  the  dipoles  need 
to  be  tuned  to  their  resonant  frequency  to  make  the  required  measure- 
ment. The  B dot  probe,  however,  has  an  output  that-  Is  proportional  to 
the  probe  area,  frequency,  and  field  strength  as  follows s 

2it  Aeq  f £ 

^ o 


where 

Aeq  ■ equivalent  area 

f ■ frequency  (Hz) 

E electric  field 
0 

Q 

c “ speed  of  light  (3  X 10  m/sec). 

This  basic  equation  along  with  the  correction  factor  for  cable  loss 
gives  agreement  with  the  National  Bureau  of  Standards'  (NBS)  standard 
with  maximum  error  of  approximately  30%  as  shown  In  Figure  1.  The  curve 
on  Figure  1 Is  a seventh  order  polynomial  fit  of  the  data  from  the  B dot 
probe  In  a standard  field  setup  by  the  NBS  dipoles.  The  calibration 
accuracy  of  the  NBS  standard  dipoles  Is  better  than  ±0.5  dB.  The  use  of 
this  technique  makes  It  possible  to  sweep  rapidly  through  a broadband  of 
frequencies  and  maintain  a leveled  B-fleld  equal  to  ±1  dB. 


B.  Outline  □£  Problem  and  Solution 

The  problem  which  initiated  this  study  was  the  US  Aro^ 
Missile  Command's  need  for  accurate  broadband  Enfield  measuring  for  use 
in  missile  system  testing.  This  work  outlines  the  development  and 
calibration  of  a probe  that  solves  the  major  problem  associated  with 
broadband  E-fleld  measuring  (i.e.,  mechanical  adjustment  requirements). 
This  allows  the  probe  to  be  interfaced  with  a computer.  The  accurate 
calibration  of  the  probe  using  NBS  standard  dipoles  solves  the  remaining 
problem,  which  is  the  required  accuracy  of  the  E> field  measurement.  The 
50-ohm  double-gap,  single-ended  loop  probe  described  in  this  study  is  an 
accurately  calibrated  E-field  probe  suitable  for  broadband  computerieed 
field  measuring  and  controlling. 


1 1 . DESIQN  AND  CONSTRUCTION  OF  TH  E B DOT  PROBE 

A.  Theory  of  Operation 

The  basic  theory  of  operation  of  the  B dot  loop  sensor 
follows  from  Faraday's  law  of  induction.  The  integral  of  the  electric 
field  around  the  periphery  of  a loop  is  equal  to  the  surface  integral 
of  the  time  rage  of  change  of  the  magnetic  induction  over  the  area  of 
the  loop;  i.e., 


-0  E • d^ 


B • d? 


(1) 


where  E Is  the  electric  field  in  volts/meter  and  B is  the  magnetic  flux 
density  in  webers/square  meter  or  teslas.  Evaluation  of  the  equation 
around  the  loop  with  a sensor  radius,  a,  gives  an  expression  for  the 
total  voltage  across  the  loop  load  gaps: 
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gap 


“(A  ] 
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dB 

dt 


(2) 


where  A^^  is  the  equivalent  area  of  the  loop  and  B is  the  component  of 

the  magnetic  flux  density  along  the  loop  axis.  Solving  for  the  incident 
field  component  in  terms  of  the  probe  voltage  output. 


(3) 
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where  c is  the  speed  of  light.  Thus,  the  incident  electric  field  may 
be  measured  using  the  output  of  a properly  designed  B dot  sensor  and  a 
time  integration  of  the  probe  voltage. 

B.  B Dot  Loop  Frequency  Response 

The  basic  limitation  to  the  frequency  response  of  a B dot 
loop  ia  the  transit  time  of  the  current  around  the  loop.  This  time 
represents  a time  dispersion  Introduced  into  the  signal  by  the  loop 
dimensions.  The  loop  transit  time  represents  the  fastest  possible  rise 
time  of  the  B dot  sensor  and  Is  given  by 


where  a is  loop  radius  and  c is  speed  of  light.  From  this,  one  can 
calculate  the  maximum  frequency  response  of  the  loop  as 


max  2ita 


(5) 


for  the  10  to  907.  rise  time  and  3-dB  roll-off  point. 


Another  basic  limitation  of  the  B dot  loop  is  the  low  frequency 
inductance  of  the  loop  structure.  If  a simplified  lumped  parameter 
model  of  the  loop  is  assumed,  the  sensor  rise  time  may  be  estimated 
from  the  l/R  circuit  time  constant.  The  10  to  907.  rise  time  can  be 
approximated  as 

Tl-2.2|  . (6) 

where  R is  the  total  resistance  about  the  loop  and  L is  the  loop  induc- 
tance and  ia  approximately 


L » 


at 


120  n na^ 
c h 


(7) 


where  h ia  the  length  of  the  cylinder. 


By  equating  the  loop  transit  time  [Equation  (A)]  with  the  sensor 
rise  time  [Equation  (6)]  and  substituting  for  the  loop  Inductance 
[Equation  (7)J,  the  following  dimension  constraint  emerges; 

h , . 

a R * ' 
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If  these  dimension  ratios  are  attainable,  then  a loop  of  this  kind  can 
be  used  to  optimize  the  frequency  response  by  lowering  the  loop  induc- 
tance to  the  point  where  this  limitation  is  the  same  as  the  transit 
time  limitation  [!]• 

Ct  Loop  Analysis 

This  section  presents  a summary  of  the  analysis  pre- 
sented by  Mory,  et  al . [2]  and  Whiteside  and  King  [3].  The  following 
two-dimensional  coordinate  system  is  used  with  the  loop  oriented  in 
the  xy  plane  and  a coordinate,  s,  along  the  loop  circumference. 


V 


If  the  loop  is  used  as  a field  sensor,  it  sustains  not  only  the  usual 
circulating  current  proportional  to  the  normal  magnetic  field  but  also 
certain  other  currents  which  depend  on  the  average  electric  field  in 
the  plane  of  the  loop  rather  than  on  the  normal  component  of  the 
magnetic  field.  The  current  may  be  divided  into  two  components. 
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The  total  current  at  any  point,  s,  and  at  another  point,  s •¥  i/2, 
can  be  expressed  as 


I(s)  ■ I^°^(s)  + 

I(s  + £/2)  - (s) 


(9) 

(10) 


where  is  a measure  of  the  magnetic  field  and  at  the  top  and 

left  subtracts,  and  at  the  bottom  and  right  adds. 

The  dipole  mode  currents,  may  be  divided  Into  components 

resulting  from  B Incident  and  E Incident. 


G 


i(1» 


(I) 


If  load  points  at  a ■■  0 and  s ■ i/2  are  considered,  may  be  neglected 

because  It  cancels  at  these  points.  Also,  at  s -fi/A  and  s ■ -i/4, 

(1) 


I 


0.  The  analysis  of  Whiteside  and  King  [3]  presents  the  values 


at  8 ■ 0 as 


1 

l(0) 

(0) 

- \ Kg  c 

(11) 

1 

,(1) 

y 

(0) 

“ ^ Kg 

(12) 

for  the  currents  for  the  magnetic  field  circulating  mode  and  the  dipole 
mode.  The  constants  Kg  and  K^,  are  the  unloaded  magnetic  and  eleccrlc 

sensitivities  dependent  upon  the  loop  geometry. 

The  total  load  current  I will  be  affected  by  load  position  and  the 
number  of  load  points,  lor  a singly  loaded  loop,  loaded  at  s "■  0, 

1(0) 


I 


(0)  + (0) 


l(0)  ^ j(l)  ^ j(l) 


1^°^  (0)  + (0) 


(13) 


I 


8 


1 


Similarly,  If  the  loop  is  loaded  at  s >■  1,12, 

- l(|)  - ^ c - \ . (14) 

If  the  sensor  is  to  be  used  as  a B dot  probe,  the  unwanted  electric 
field  terms  may  be  ellminatad  by  using  the  sum  of  I.  and  1'  with  a 

doubly-loaded  loop  and  a summing  network.  Another  method  of  eliminating 
the  electric  field  term  is  to  use  a singly-loaded  loop  in  a known  linear 
polarization  field  and  position  the  load  side  of  the  loop  perpendicular 
to  the  electric  field  so  that  the  electric  term  is  eliminated  (at  s " 0 
and  s ■ ±Ji/2  for  a known  polarization,  incident). 

Experimental  sensitivities  for  singly- loaded  and  doubly- loaded 
circular  loops  may  be  found  in  references  2 and  3.  Very  large  errors 
may  be  produced  by  a singly- loaded  loop  when  measuring  an  unknown 
polarization  field  unless  the  loop  diameter,  2a,  is  small  (2a  <0.01  \) . 
For  a loop  diameter  of  2a  ■■  0.1  the  loop  responds  as  strongly  to  the 
electric  field  in  the  dipole  mode  as  it  does  to  the  magnetic  field  in 
the  circulating  mode  (Figure  1) . 

A double-loaded  sensor  of  diameter  2a  ^ 0.15  \ will  function  with- 
out appreciable  interference  from  the  electric  field  (Figure  2). 

D.  Pulse  Impedance  Matching 

1.  Four-Gap  Loop  with  Balanced,  100-ohm  Output 

Detailed  design  information  for  a four-gap,  B dot 
sensor  may  be  found  in  reference  2.  This  sensor  utilizes  series  and 
parallel  combinations  of  signals  from  the  four  gaps  to  effectively 
produce  a half  turn  loop.  Figures  3 [4]  through  6 show  the  impedance 
matching  technique  and  the  layout  of  the  load  gaps  around  the  loop. 

Neglecting  internal  losses  and  probe  reactance,  an  Idealized 
equivalent  circuit  of  the  four-gap  probe  is  shown  in  the  following  sketch: 


I 


100-ohm 

COAX 


V 


Figure  3.  Azimuthal  distribution  of  signal  Inputs 
for  the  four-gap  loop  fA). 
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Figure  5.  Expanded  view  of  four-gap  cylindrical  loop 
using  conical  transmission  line  for  gaps  [2]. 


From  this  circuit  it  can  be  seen  that  the  probe  output,  " 1/2  (V^  + 

V2  + -f  V^) ; this  is  the  equivalent  of  a half  turn  loop.  The  pulse 

impedance  of  each  gap  consists  of  two  parallel  conical  200- ohm  trans- 
mission lines  (with  d « 49  deg),  resulting  in  an  effective  gap  pulse 
impedance,  R^,  of  100  ohms  in  the  laanner  discussed  by  Baum  [5]. 

Figure  7 shows  the  pulse  impedance  variation  with  an  angle  for  a conical 
transmission  line. 

Gap  currents  directly  opposite  on  the  loop  are  summed  to  eliminate 
the  electric  field  current  terms  in  the  manner  illustrated  in  Equa- 
tions (13)  and  (14).  Furthermore,  the  opposing  pairs  of  gap  voltages 
are  effectively  series  connected  to  obtain  a balanced,  double-ended 
output.  The  balanced  output  was  utilized  to  take  advantage  of  common 
mode  signal  rejection  properties. 

2.  Double-Gap  Loop  with  Unbalanced  SO-ohm  Output 

If  half  of  the  balanced  four-gap  probe  is  con- 
structed, a two-gap,  unbalanced  probe  results  with  sn  output  of  50  ohms: 


♦ 

? 

V PROBE 

Vi! 

- 

It  can  be  sean  that  the  two  gap  voltages  are  paralleled,  the  V probe  ■■ 
(Vi  + and  the  loop  has  effectively  a half  turn. 

Gap  voltages  directly  opposite  on  a loop  diameter  are  summed  to 
eliminate  the  electric  field  current  terms  [Equations  (13)  and  (14)  as 
in  the  four-gap  loop  design  previously  discussed] . Each  gap  is  fed  in 
two  points  so  that  the  resistive  gap  loading  is  more  uniform  along  the 
loop  axis.  The  pulse  impedance  of  each  gap  is  adjusted  to  200  ohms  by 
use  of  conical  transmission  line  Impedance  values  derived  by  Baum  [6j. 

A gap  angle  of  49  deg  was  used  to  obtain  two  200- ohm  conical  trans- 
mission lines  in  parallel. 

Each  feed  point  of  each  gap  is  connected  by  a section  of  200- ohm 
microstrip  transmission  line.  Impedance  curves  for  the  microstrip  line 
are  shown  in  Figure  8 [7).  The  material  used  for  the  probe  is  1/32-in. 
polyguide  and  is  copper  clad  on  both  sides.  The  material  is  a product 
of  Electronized  Chemicals  Corporation.  A 200-ohm  characteristic 
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impedance  for  "■  2.33  reaulte  In  a line  width  of  0.0031  in.  A VMS 


copper  wire  cemented  to  the  polygulde  surface  gave  an  Impedance  very 
close  to  the  desired  200  ohms  (Figute  7). 


The  two  200-ohm  mlcrostrlp  lines  junction  into  a single  100-ohm 
section  of  mlcrostrlp  line.  This  section  is  in  turn  Junctloned  Into  a 
section  of  100- ohm  semirigid  coaxial  cable  which  forms  the  output  of  a 
single  gap  fed  in  two  points.  The  100-ohm  semirigid  coaxial  cable  is 
positioned  along  a loop  diameter,  each  end  of  which  is  fed  by  each  gap. 
A 50-ohm  section  of  semirigid  coaxial  cable  junctions  at  the  center  of 
the  100- ohm  cable  and  runs  along  the  loop  axis. 


The  removal  of  the  material  in  the  diamond  pattern  along  the  probe 
gap  has  two  beneficial  effects  on  probe  operation.  First,  two  200-ohm 
conical  transmission  lines  are  formed  in  the  gap  region,  minimising 
Impedance  discontinuities.  Secondly,  gap  capacitance  appearing  in 
parallel  with  tb*  cable  impedance  la  reduced,  thereby  improving  the  high 
frequency  resprnfan.  The  inductance  of  the  loop,  however.  Is  slightly 
increased,  thei'v‘by  degrading  the  high  frequency  response. 


G.  Time  Domain  Reflectometry  Measucemonta 


Pulse  impedance  measurements  for  the  1,75-in.  diameter 
double-gap  probe  design  were  first  performed  on  a single-gap  section  of 
the  circuit  board  to  ohack  the  calculated  impedances.  The  gaps  were 
fed  with  two  200-ohm  sections  of  twin  line  [1]  junctloning  into  a section 
of  93-ohm  coaxial  cable  aa  shown  in  Figure  9.  The  time  domain  reflec- 
tometry (TDK)  measurement  for  this  single-gap  section  Is  shown  in 
Figure  10.  Note  that  tha  gap  impedance  is  disturbed  by  the  feed  arrange- 
ment end  pert  of  the  signal  is  on  the  outside  of  the  coaxial  cable. 


It  was  then  decided  to  reconfigure  the  feed  arrangement  by  using 
200-ohm  sections  of  mlcrostrlp  as  gap  feeds  on  ths  reverse  side  of  the 
circuit  board.  These  two  sections  were  junctloned  into  a 100-ohm  section 
of  microstrip  end  then  into  a section  of  93-ohm  semirigid  coaxial  cable. 
It  would  have  bean  more  desirable  to  use  100- ohm  semirigid  cable  but 
none  was  eveileble  in  the  laboratory.  This  feeding  errangement  has  the 
advantage  of  getting  the  gap  signal  Into  a coaxial  configuration  that 
is  normal  to  tha  circuit  board  and  chat  has  a 50- ohm  output  to  a cabls 
located  along  tha  probe  axis.  Furthermore,  the  gap  signal  is  fully  con- 
tained inside  the  coaxial  cable  and  not  partially  on  the  outside  of  the 
cable.  Tha  circuit  board  used  for  measuring  the  pulse  impedance  of  a 
single  gap  is  shown  in  Figura  11.  The  measured  TDR  plot  is  shown  in 
Figure  12.  Note  that  the  gap  impedance  coml inetion  of  two  parallel 
20O-ohm  conical  transmission  lines  measures  nearly  100  ohms,  as  predicted 
by  Baum  [ 5 ] . 
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Circuit  board  for  1,75- in.  diameter  double-gap  probe  using  tvrtn  line  gap  feeds 


The  double-gap  probe  was  then  assembled  for  impedance  measurements. 
A partition  was  used  along  the  100-ohm  coaxial  cable  to  furnish  a low 
inductance  path  to  the  electric  field  currents  (Figures  13  and  14).  A 
TDR  plot  of  this  double-gap  probe  is  shown  in  Figure  15. 

A second  1.73- in.  diameter  probe  was  fabricated  without  the  100- ohm 
section  of  microstrip,  l.e.,  the  93- ohm  cable  Junctions  directly  with 
two  200-ohm  sections  of  microstrip.  Next,  a 7/8-in.  diameter  probe  of 
the  same  configuration  was  assembled.  This  probe  was  built  to  increase 
the  frequency  response  by  halving  the  circumference  and  width  dimensions 
of  the  1.75- in.  diameter  probe  (Figure  16), 
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Figure  13.  Assembled  double-gap  loop  sensor 
with  microstrip  gap  feuds. 
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F.  Far  Field  (Radiation)  Patterns  o£  a B Dot  Probe 

1.  Anecholc  Chamber 

The  facility  utilized  for  the  probe  patterns  was 
the  NASA  120'- ft  chamber  at  Marshall  Space  Flight  Center,  Alabama.  The 
chamber  consists  of  a tapered  section  90  ft  long  with  a 30-’  x 30-  x 
30-£t  working  space  for  the  antenna  tower.  The  facility  Is  shielded 
and  has  a pyramid- type  absorber  which  reduces  reflections  by  approxi- 
mately 55  dB  at  150  MHz  to  65  dB  at  2 GHz. 

2.  Teat  Configurations 

The  antenna  tower  is  located  approximately  100  ft 
from  the  transmitting  antenna.  The  antenna  pattern  system  Is  a Scien- 
tific Atlanta  type  consisting  of  a tower,  rotator,  receiver,  and  plotter. 
The  probe  was  mounted  on  a vertical  nonconductive  rod  and  secured  to 
the  tower.  The  probe  was  then  radiated  by  the  test  frequencies  using 
a ridged  horn  driven  by  a RF  communication  5-W  tunable  amplifier,  The 
desired  frequencies  (ISO  to  500  MHz)  for  this  set-up  were  generated  by 
a Hewlett-Packard  Model  86AOB  signal  generator.  Above  500  MHz,  a 
Mlcrodot  power  oscillator  was  used  to  drive  the  ridged  horn. 

3.  Radiation  Patterns 

The  measured  patterns  are  shown  In  Figures  17,  18, 
and  19.  From  these  patterns  it  Is  obvious  that  certain  abnormalities 
developed  as  the  frequency  Increased  beyond  the  normal  operating  fre- 
quency of  the  probe  as  explained  in  Section  II. B.  Slight  abnormalities 
do  not  preclude  the  use  of  the  probe,  provided  It  is  calibrated  against 
a suitable  standard.  Therefore,  based  on  the  uniformity  of  patterns, 
the  1,75-ln,  probe  can  be  calibrated  and  used  with  confidence  up  to 
1 GHz.  A narrowing  of  the  pattern  makes  the  orientation  of  the  probe 
more  critical,  and  reduced  output  at  the  higher  frequencies  only  changes 
the  calibration  factor.  As  the  frequency  of  the  field  is  Increased 
higher  than  the  normal  operating  frequency  limit,  the  patterns  begin  to 
break  up  and  cause  the  probe  to  have  several  nulls  making  it  difficult 
to  calibrate  and  use. 


III.  TECHNIQUE  FOR  ESTABLISHINQ  KNOWN  STANDARD  ELECTRO- 
MAGNETIC FIELDS  USING  NBS  STANDARD  DIPOLES 

A.  Standard-Antenna  Calibration  Method  for  Dipoles 

The  standard  antenna  procedure  for  calibrating 
horizontally-polarized  antennas  from  30  MHz  to  I GHz  Is  accomplished  by 
using  the  NBS  standard  dipoles  to  set  up  an  accurately  known  electro- 
magnetic field  [8|.  The  dipole  is  usually  mounted  8 to  10  ft  above  the 
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Figure  18.  3.5-itt,  diameter  B dot  probe  antenna  patterns. 


ground.  Care  must  be  taken  to  assure  that  the  field  Is  steady,  l.e., 
there  are  no  transmitting  level  changes.  The  antenna  to  be  calibrated 
Is  then  substituted  for  the  standard  antenna,  and  the  antenna  coefficient 
la  determined.  The  coefficient  Is  given  by 


E 


where 

C ■■  the  antenna  coefficient 

E.  ■ the  standard  field,  V/m 

E^  ■ the  field  measured  by  the  test  antenna,  V/m. 

The  standard  antennas  are  comprised  of  a self>rasonant  half-wave  antenna, 
with  a high  Impedance- balanced  voltmeter  at  the  center  of  the  dipole. 

The  balanced  voltmeter  is  composed  of  a selected  point  contact  silicon 
crystal  diode  detector  with  a RC  filter  network.  The  output  of  the 
detector  can  be  read  by  any  high  Impedance  digital  millivolt  meter. 

Figure  20  shows  the  300-MHz  to  1-GHs  standard  antenna.  The  upper  mount 
of  the  antenna  is  made  of  polytetrafluorethylene  (PTFE).  The  elements 
are  1/16- in.  diameter  rods  with  the  ends  threaded  to  allow  for  changing 
the  operating  frequency  of  the  antenna. 

The  next  important  consideration  is  the  selection  of  a suitable 
diode  detector.  The  diode  output  should  be  as  fist  as  possible  over 
the  desired  frequency  range.  The  detector  should  not  be  temperature 
sensitive.  After  evaluating  several  types  of  detectors,  the  NBS  recom- 
mends a ceramic  cartridge- type  for  30  to  AOO  MHz  and  selected-type, 
glass-lncapsulated,  submlnlature  for  300  MHz  to  1 GHz. 

B.  Calibration  of  Diodes 

The  frequency  response  of  the  detector  diode  used  must 
be  evaluated  very  accurately  prior  to  making  field  measurements.  The 
set-up  recommended  by  NBS  Is  shown  in  Figure  21.  The  low  pass  filter 
eliminates  generator  harmonics.  The  20-dB  attenuator  serves  to  isolate 
the  generator.  The  mount  used  by  NBS  is  a modified  N-Type  T-Connector. 

A cut-away  view  is  shown  in  Figure  22.  The  filtering  of  the  output  of 
the  detector  is  accomplished  by  the  approximately  100  pF  which  is  formed 
by  the  connector  body  and  the  brass  cylinder  which  holds  the  upper 
portion  of  the  diode.  The  cylinder  and  the  connector  body  are  insulated 
by  2 mils  of  FTFE  tape.  There  are  adapters  for  calibrating  either  type 
diode.  The  voltage  standing  wave  ratio  of  this  mount  has  been  found  to 
be  less  than  1.05  up  to  1 GHz.  Typical  response  curves  for  the  two 
recommended  type  diodes  are  shown  in  Figure  23.  These  curves  are  of 
selected  diodes  and  are  not  representative  of  all  diodes. 
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Figure  22.  Cut  aw«y  view  of  dlodo 
frequency  reaponae  mount. 
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Figure  23.  Frequency  responee  curves  for  selected  diodes. 


It  can  readily  be  seen  that  the  ceramic  diodes  are  flat  to  approxi- 
^tely  500  MHz  and  would  be  suitable  for  the  lower  frequencies  (30  to 
400  MHz),  The  glass-type  diodea  are  flat  to  approximately  800  MHz  with 
normally  no  more  than  47.  correction  for  the  higher  frequencies  (1  CHs) , 
MBS  has  evaluated  temperature  coefficients  of  both  types  of  diodes  and 
found  that  these  coefficients  are  not  uniform,  l.a.,  soma  outputs  go  up 
as  temperature  Increases,  but  most  of  them  decrease.  This  makes  It 
desirable  to  calibrate  at  a temperature  which  Is  near  the  temperature 
of  the  test  field.  If  this  Is  not  possible,  temperature  corrections 
can  be  added.  The  crystal  detectors  are  now  ready  to  be  calibrated  as 
balanced  RF  voltmeters.  They  are  placed  In  the  center  of  the  standard 
dipoles,  «nd  M 150-mV  SO'^MHs  RF  lourcs  la  applied  across  th*  diode  as 
shown  In  Figure  24,  The  output  of  the  detector  Is  read  on  a digital 
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Figure  24.  Balanced  voltage  atandard  connected 
to  atandard  NBS  antenna. 


millivolt  meter  and  recorded.  The  voltage  acroaa  the  diode  la  reduced 
by  a atap  attenuator  and  the  output  of  the  detector  recorded.  A graph 
of  KF  voltage  veraua  dc  output  la  then  plotted.  One  now  has  an  accurately 
calibrated  balanced  mllllvoltmeter. 

C.  Analyala  of  Reduced  Dipole  Voltage 

The  Induced  voltage  In  a reaonant  half-wave  dipole  can  be 
expreBBad  In  terma  of  Ita  reaonant  length.  If  a alnusoldal  current 
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distribution  is  assumed,  the  following  relationship  Is  obtained; 


e££ 


where  i Is  the  antenna  half-length  In  meters  and  \ Is  the  wavelength. 

For  a half-wave  self-resonant  dipole,  ■ \/n,  Since  the 

Induced  voltage  is  measured  by  a high  Impedance  balanced  RF  voltmeter, 
it  Is  the  same  ad  the  open  circuit  voltage.  This  allows  one  to  use  the 
following  relationship  to  determine  the  magnitude  of  the  E field 


where 

|e|  electric  field  (V/m) 

" open  circuit  voltage  (V) 
i^££  ■ the  antenna  effective  length, 

D,  Details  of  the  Construction  of  a Self-Resonent 
Half-Wave  Dipole 


(17) 


To  construct  a self-resonant  half-wave  dipole  with  a 
finite  thickness,  the  length  is  shortened  as  a function  of  antenna  rod 
size  and  frequency.  The  amount  of  shortening  Is  given  by  the  following 
relationship  [8]: 


% shortening  ■ 


where 

d ■ antenna  rod  diameter  (cm). 

The  percent  shortening  is  normally  no  more  than  67.,  depending  on  the 
diameter  to  length  ratio. 

The  transmitting  and  receiving  antennas  should  be  more  than  3\ 
apart,  which  is  approximately  100  ft  for  the  30  to  AOO  MHs  and  40  ft 
for  the  400  MHz  to  1 GHz.  The  antennas  are  mounted  approximately  10  ft 
above  the  ground,  The  ground  has  little  effect  on  the  antenna  Impedance 
and  the  resulting  antenna  coefficient. 
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IV. 


FIELD  CALIBRATION  OF  THE  B DOT  PROBES 

A.  Initial  Calibration  for  Determining  Loop  Equivalent  Area 


If  a uniform  plane  wave  in  free  space  is  X polarized  and 
travels  in  the  positive  Z direction  according  to  the  coordinate  system 
shown,  the  traveling  wave  has  the  following  components: 


whsrt 


n - VMo/eo 


The  time^varying  flux  density,  with  the  origin  colocated  with  a cylin- 
drical loop  probe,  may  be  expressed  as; 


^0  N 


cos  ut 


(19) 


From  Equation  (2)  the  voltage  (V^)  across  a single-gap  cylindrical  loop 
oriented  in  the  ntanner  shown  is 


d B 

''p  *eq  dt 


w E, 


A — — sin  Out 

oq  c 


^eq  ^0  ^ 


(20) 


The  geometrical  area  of  the  loop  sensor  may  be  used  in  Equation  (20)  If 
the  probe  Is  assumed  to  be  100%  efficient  over  some  frequency  band  of 
operation.  The  equivalent  area  may  bo  calculated  from  measured  probe 
voltages  at  discrete  frequencies  while  holding  a known  field  strength. 
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The  response  of  two  sizes  of  single-gap  and  double-gap  B dot  loop 
sensors  wore  plotted  from  experimental  data  taken  in  a known  continuous 
wave  electromagnetic  field  of  20  V/m.  A block  diagram  of  the  equipment 
used  for  the  field  measurements  is  shown  in  Figure  25.  The  ridged  horns 
used  are  of  the  type  discussed  by  Kerr  19(10].  A photograph  of  the 
equipment  used  in  the  test  setup  is  shown  in  Figure  26.  The  loop  dimen- 
sions of  the  two  single-gap  probes  used  for  comparative  measurements 
are  shown  in  Figure  27.  TOR  plots  of  the  two  single-gap  probes  are 
shown  in  Figures  28  and  29. 


Rearranging  the  equation  for  probe  voltage  [Equation  (20)].  and 
solving  for  the  area  K^ves 


'^eq  2n  f Eq 


(21) 


In  the  test  setupi  a constant  electric  field  (E^)  is  applied  at 

many  frequencies  from  32  MHz  to  2.5  GHz.  The  voltage  output  of  the 
probe  cable  is  measured  at  each  test  frequency.  This  voltage  is  cor- 
rected for  the  cable  losses  to  obtain  the  output  voltage  of  the  probe 
(Vp) . The  Vp  is  plotted  on  the  y-axis  and  the  frequency  is  plotted  on 

the  x-axis.  From  this  plot,  Vp  and  Eq  can  be  used  to  determine  the 

electrical  effective  area  (A  ). 

eq 

The  effective  geometrical  area  of  the  B dot  loop  is  calculated  by 
using  the  probe  area  minus  any  blockage  by  cables  and  partitions  inside 
the  loop.  The  double-gap  loop  is  effectively  a half-turn  loop  and  thus 
the  area  must  be  halved.  The  1.75-in.  and  0.873-in.  double-gap  loops 
had  0.130-ln.  diameter  93-ohm  semirigid  coaxial  cable  across  the  loop 
diameter.  Since  the  cable  obstructions  are  cylindrical,  It  was  believed 
that  approximately  half  the  energy  hitting  the  cable  surface  would  be 
reflected  and  half  would  be  scattered  through  the  loop.  Therefore,  one 
half  of  the  cable  length  times  the  cable  diameter  was  subtracted  from 
the  total  loop  area. 

The  raw  data  from  the  probe  calibration  procedure  contain  random 
data  measuring  errors.  This  type  of  error  can  be  reduced  by  applying 
statisticcl  techniques.  The  technique  used  in  this  case  is  linear 
regression,  and  the  following  basic  concepts  of  this  approach  are  sum- 
marized from  references  9 and  10,  Draper  and  Smith  [111,  and  Ostle  [12] . 
First,  the  following  quantities  must  be  defined: 

a)  y ■ Sq  + aj^X  , 

where  Sq  is  the  intercept  and  a^  is  the  slope  (the  fit  is  obtained  by 
the  least  squares  method) . 
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Figure  27.  Single-gap  loops  used 
for  comparative  measurements  to 
double-gap  loop  B dot  sensors* 
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Figure  29.  TDR  plot  of  single-gap  B dot  probe  (1.75-in.  diameter). 


g)  Standard  error  of  the  regrasaion  coefficient  a^^: 


Note:  n la  a poeltlve  Integer,  and  n ■ 1 or  2. 

The  linear  regression  line  can  now  be  used  to  determine  the  best 
estimate  of  the  equivalent  area  the  probe,  and  the  calculated 

area  based  on  the  measured  and  can  be  compared  with  the  actual 

geometric  area  of  the  probe  to  determine  the  percent  efficiency  of  the 
probe. 


X 100 

A ge^etrlcal  " efficiency  (PE)  . (22) 

Linear  regressions  are  computad  for  selected  upper  frequency  limits 
and  the  percent  efficiency  determined.  The  upper  frequency  limit  to 
which  the  probe  can  be  used  is  then  determined  by  the  maximum  error  one 
can  tolerate  in  the  E- field  measurement.  A departure  from  the  theoreti- 
cal line  occurs  as  the  field  exceeds  the  high  frequency  limits  of  the 
probe  such  that  at  specific  frequency  points  is  much  less  than  cal- 

culated for  the.  given  probe  area.  Table  1 shows  the  comparison  between 
the  geometrical  area  and  the  equivalent  area  up  to  the  point  that  the 
output  of  the  probe  deviates  significantly  from  the  calculated  values. 
Above  this  point  the  deviation  of  measured  single  point  frequency  data 
were  compared  to  calculated  values. 

Figures  30  through  33  display  the  measured  data  along  with  the 
theoretical  values  represented  by  the  diagonal  line  passing  through  the 
origin.  Table  2 presents  the  results  of  the  linear  ragressions,  equi- 
valent area  calculations  (A^^) , and  percent  error  calculations  C7JS,)  for 

the  two  single-gap  and  two  multi-gap  B dot  probes. 

The  regression  equation  for  the  1-ln.  single-gap  B dot  sensor  out- 
put as  presented  in  Table  2 is  4 f.  Voltage  calculation  for 

the  650-MHz  regression  is  as  follows: 

V - 0,A566  mV  4 0.2022  mV^Hz  X 650  MHz  - 131.''  mV  at  650  MHz. 

P 

This  linear  regressed  line  Is  shown  as  a dotted  line  on  Figure  25. 
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TABI£  1.  COIPARISOH  OF  SENSOR  LINEAR  REGRESSED  EQDIVAIZNI  AHD 


Calibratioa  curve  for  1.75>ia.  double-gap  b dot  loop  sensor,  Ef.  ^ 20  V/a. 


Figure  31.  Calibration  curve  for  double^gap  B dot  sensor,  E * 20  V/i 


Figure  32.  Calilwration  curve  for  1.5-ia.  single-gap  B dot  sensor,  E - 20  V/m- 


Figure  33.  Calibration  carve  for  1-in.  siagle-g^  B dot  sensor,  E “ 20  V/a. 


The  voltage  calculation  for  the  1.5-ln.  single-gap  B dot  sensor 
regression  (Table  2)  to  650  Mllz  is  as  follows: 

V - 14.11  mV  + 0.39089  mV /MHz  X 650  MHz  - 268.2  mV  at  650  MHz. 

P 

The  dotted  line  on  Figure  24  displays  these  data. 

The  voltage  calculation  for  the  7/8-in.  double-gap  B dot  sensor 
regression  (Table  2)  to  2.5  GHz  is  as  follows: 

V„  - 1.39  mV  + 0.077392  mV /MHz  X 2500  MHz  - 193.5  mV  at  2500  MHz, 

P 

This  linear  regressed  line  is  the  dotted  line  on  Figure  23. 

The  voltage  calculation  for  the  1.75-ln.  double-gap  B dot  sensor 
linear  regression  (Table  2)  la  as  follows: 

V ••  14.07  mV  + 0.28985  mV /MHz  ■ 347.4  mV  at  1150  MHz, 

P 

This  Is  the  dotted  line  shown  on  Figure  22.  Although  the  linear  regres- 
sion was  terminated  at  1150  MHz.  the  data  show  the  probe  to  be  excellent 
all  the  way  to  2500  MHz. 

B.  30-MHz  to  1-GHz  Calibrating  of  B Dot  Sensors  Using  HBS 
Standard  Dipoles 

The  previous  calibrations  of  the  B dot  sensors  below 
1 GHz  was  accompllshea  using  the  adjustable  dipoles  with  a guaranteed 
accuracy  of  ±3  dB.  To  obtain  a much  more  accurate  calibration,  the 
1.75-  and  3,5-ln.  B dots  were  calibrated  using  tho  MBS  standard  dipoles 
to  set  up  known  standard  fields.  These  fields  were  normalized  to  1 V/m. 
The  B dot  measured  fields  using  only  cable  correction  factors  are  plotted 
In  Figure  34.  This  figure  Indicates  as  large  as  a 30%  error  in  the  B dot 
field  measurement.  The  data  were  normalized  to  1 V/m  by  using  the 
normalization  factor  shown  in  Table  3.  Simplifying  the  basic  B dot 
equation  one  can  write 

- <=P  Vp  , (23) 

where 

E ■■  electric  field 
0 

» constant  associated  with  a particular  frequency 
Vp  ■ probe  output  In  millivolts  (normall’ied  to  ■ 1) 

then 


I 

(24) 
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TABLE  3.  3. 5- IN.  DIAMETER  B DOT  NORMALIZATION  FACTORS 


Frequency 

(MHz) 

NBS  Dipole 
(V/m) 

1 V/m 

Normalization 
Fac  tor 

Normalized 

B Dot  Output 
(mV) 

50 

0.063 

15.87 

3.17 

0.315 

75 

0.082 

12.20 

5.61 

0.178 

100 

0.124 

8.06 

6.05 

0.165 

150 

0.138 

7.25 

10.30 

0.097 

200 

0.205 

4.88 

13.18 

0.072 

250 

0.267 

3.75 

15.00 

0.067 

300 

0.333 

3.00 

17.40 

0.057 

350 

0.223 

4.48 

21.06 

0.047 

400 

0.479 

2.07 

25.25 

0.040 

C«  Calibration  Procedure  and  Data 

The  procedure  used  to  calibrate  the  B dot  probe  is  the 
direct  substitution  method;  i.e..  the  standard  field  was  established 
using  the  NBS  standard  dipoles.  The  probe  is  then  substituted  in  the 
exact  position  of  the  standard  dipole.  The  output  of  the  probe  is  then 
read  using  a power  meter  or  a calibrated  RF  voltmeter.  The  normalized 
probe  output  C^  is  plotted  versus  frequency  in  Figure  35.  Table  4 and 

Figure  36  give  Cp  for  the  1.75-in.  probe. 

D.  Development  of  Calibration  Factors  and  Calibration 

Polynomial 

To  improve  the  accuracy  of  the  B dot  probe  to  better 
than  the  307.  error  shown  in  Figure  34,  the  necessary  calibration 
polynomials  were  developed.  First,  the  probe  was  placed  in  a standard 
field  as  determined  by  the  NBS  standard  dipoles.  The  data  were  then 
normalized  to  1 V/m  by  using  the  normalization  factor  shown  in  Tables  3 
and  4.  Recall  Equation  (23), 
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tabu:  a.  1,75- in.  diameter  b dot  normalization  factors 


Frequency 

(MHz) 

NBS  Dipole 
(V/m) 

1 V/m 

Normalization 

Factor 

Normalized 

B Dot  Output 
(mV) 

“p 

500 

3.7 

0.270 

6.33 

0.158 

600 

4.45 

0.225 

8.71 

0.115 

700 

5.2 

0.192 

9.60 

0.104 

800 

5.9 

0.169 

10.07 

0.099 

900 

4.7 

0.213 

13.13 

0.076 

1000 

3.7 

0.270 

11.61 

0.086 

where  la  a constant  associated  with  a particular  frequency.  Since 
has  been  normalized  to  E^  ■ 1,  then  Equation  (24)  becomes 


which  Is  shown  In  Tables  3 and  4. 

Using  this  factor,  C^,  one  can  develop  the  frequency  dependent 
polynomial  <C^)  which  can  be  used  by  the  computer  to  make  the  output  of 
the  B dot  agree  with  the  NBS  standards. 

Using  the  Hewlett-Packard  Model  9830  computer  polynomial  program 
and  tho  data  from  Tables  3 and  4.  the  values  for  are  plotted  versus 

frequency.  These  data  are  then  used  to  develop  the  polynomial  (C^) . 

The  coefficients  for  (C  ) of  a 3.S-ln.  probe  from  50  to  400  MHz  are  as 
follows;  ^ 

B (0)  - 1.926957  +00 

B (1)  - -7.392284  E -02 

B (2)  - 1.316170  E -03 

B (3)  - 1.260325  E -05 
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B (4)  - 6.878694  E -08 
B (5)  « -2,140627  E -10 
B (6)  « 3.534933  E -13 
B (7)  - 2.403270  E -16. 

The  ooeffloiontB  for  a 1.75-ln.  probe  from  500  MHz  to  1 GHz  are  aa 
follows: 

B (0)  - 6.952785  E +00 
B (1)  - 5.844569  E -02 
B (2)  1.840281  E -04 
B (3)  - 2.792819  E -07 
fl  (4)  - 2.058278  E -10 
B (5)  - 5.916707  E -14. 

The  plot  of  the  data  and  the  polynomial  curves  are  shown  In 
Figures  30  and  31.  The  general  equation  then  becomes 

- (Op)  Vp  , (2J) 

where  (C^)  la  the  frequency  dependent  polynomial  and  is  the  probe 

output  in  millivolts.  Figure  1 gives  the  error  of  the  3.5-in.  probe 
with  no  calibration  corrections.  This  graph  is  typical  but  is  not  the 
same  for  all  3.5-in.  probes.  Construction  tolerances  cause  each  probe 
to  have  different  output  characteristics. 

E.  Recommendation 


To  assure  accuracies  of  better  than  ±1  dB,  It  is  recom- 
mended that  the  probe  be  calibrated  against  the  NBS  standard  antennas. 
Uncalibrated  probes  have  errors  greater  than. 1 dB.  It  is  further  recom- 
mended that  the  3. 5- in.  probe  be  used  below  400  MHz  and  the  1.75- in. 
probe  be  used  from  400  MHz  to  1 GHz.  It  is  possible  to  calibrate  the 
3,5-in.  probe  to  higher  frequencies;  however,  the  patterns  and  outputs 
are  not  as  predictable  and  the  calibrations  are  more  difficult. 
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Ui«  of  B dot  as  a standard  field  measuring  probe  has  given  rise  to 
a need  for  a ruggadizad  probe.  The  development  of  a more  durable  probe 
would  save  considerable  time  on  repair  and  checkout  of  damaged  probes. 

It  should  be  reiterated  that  these  measurement  teohniquee  preferred 
in  this  study  are  applicable  to  uniform  planar  E fields  (i.e.,  ferfleld 
environment) . However » the  usefulness  of  these  probes  is  not  limited  to 
the  previously  mentioned  applications,  provided  those  techniques  are 
modified  to  account  for  the  nonplanarity  of  the  field.  These  modifica- 
tions would  require  an  accurata  characterization  of  B and  B fields.  An 
area  of  E field  research  which  can  be  explored  utilizing  the  B dot  probe 
is  near- field  characterization  of  antennas.  The  B dot  antenna  along  with 
calibrated  dipoles  could  be  used  to  measure  the  orthogonal  components  of 
the  E and  B fields.  These  measurements  can  then  be  used  to  determine  the 
power  densities  in  close  proximity  to  high  power  antennas. 
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